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ABSTRACT

A measurement has been made at approxirmately 65 Mev cf the

*"‘P"ﬂ*"’P.

differential cross sections in the processes w
" + P— " + P and 1" + P~ 1w + N using a 1liquid hydrogen target and
scintillation counter detectors. The measured cross sections in the

center of mass areg

| at+p—~nt+p W+ P—wn" +P
(58 Mev) (65 Mev)
6 dg (mb 9 do
= (mb) & (mb)

|
36 0,24 + 0,11 L2 0,91 + 0,13
L7  O.48 #* 0.08 53 0.51 % 0,08
6L, 0.66 + 0,06 70 0,29 # 0,06
101 1.24 + 0,07 101 0,23 * 0,06
129 2,10 + 0,11 151 =0,01 + 0,11
155  2.79 #* 0.15

%% (™ o wO) = [@.96 + 0,03 = (1.38 + 0,09) =089
+ (0.1 + 0,24) .31953_9:.&_] (1 + 0,10) (at 65 Mev)

Because of coulomb interference effects, the experiment, in principle,
affords the opportunity of determining the signs as well as the

magnitudes of tiic phase shifts in an analysis including only ge and
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P-waves. It is found that two very markedly different sets of phase

shifts fit the data. Each of these sets includes subsets of the

Fermi and Yang type., The results of this experiment, in conjunction

with those of similar experiments, somewhat favor a set characterized

Ly a strong attractive p-wave interaction in the T = 3/2 isotopio
spin state,
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I. INVTRODUCTION

The angular distribution in the three scattering processes
we+P—-at+P, " +P-~u"+P, and v~ + P~ w® + N, has been
studied by Anderson, Fermi, Martin and Naglel at 120 and 135 Mev.
The information has been extended to lower energy by several
g:r'oups,l’6 chiefly for positive'pions. We present here a rather
detailed study of the three processes at approximately 65 Mev, Tho
experimental results for the w* - w* reaction have been reported in
brief.7

The results of the Chicago group were analyzed in terms of g-
and p-wave scattering in the charge independent theory.1 The reported
phase shifts are, however, indeterminate with respect to a
simultaneous reversal of the signs of all phase shifts, This
ambiguity may, in principle, be removzd oy extending the study of the
scattering to angles for which the coulomb amplitude is of the same
order of magnitude as the nuclear amplitude, This encounters
oxperimental difficulties at high energies, because the angles of
prominent coulomb interference are small and the background from
coulomb and diffraction scattering in the beam defining system and
hwydrogen container 1s then large. The situation i1s more favorable
at lower energies, because small nuclear and larger coulomb amplitudes
both aect to licrease the angles at which the interference 1s .
eppreciable, At 65 Mew, for example, the total cross section for
positive pions is &0 mb, compared tc approximately 90 mb at 120 Mev,

whilo “he differential croas section at 3C° is 0,14 mb per steradian
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at 65 Mev compared to 0,06 mb per steradian at 120 Mev,

In this experiment, therefore, the effects of the coulomb field
are quite large. Nevertheless, we find it possible to fit the
experimental results with two sets of phase shifts differing in sign,
but the magnitudes in one set differ considerably from those in the
other., It may be possible to remove the ambiguity in sign by
arguments as to magnitude. In the last secticn of this report we

discuss an attempt to select one set by extrapolating the results at

iI, EXPERIMENTAL ARRANGEMENT
A. Meson Beams

The positive meson scattering experiment was performed in the
mezon beam of lowest energy at the Columbia Nevis Cyclotrone The
mesons are produced at an internal beryllium target, are umelyzed
in the fringing field of the cyclotron magnet, and emerge through a
channel in the 8-fcot iron shielding.

For negative meson scattering, an attempt was made to use the
corresponding beam obtained by reversing the current in the cyclotron
magnet. The negative mesons are, however, accompanied by a large

"y *
numbsr of slectrons, p

rohably due to the production of neutral mesons
and conversion in the target of the resultant Y=rays. The dependence
of thias contamination on meson sign i1s ther related to the fact that
the collime*ed negative particles are emitted in the forwsard direction
and the positive particles in the backward direction with respect to

the proton bsam, In the region of interest the number of conversion
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electrons is a rapidly decreasing function of electron momentum, It
is th:refore possible tc reduce this contamination by using a meson
beam of higher energy and then decreasing the energy with absorbers,

Each beam is further analyzed in a double-fooussing magnset
(Fige 1) The mesons are bent through 30°, and a parallel, monoe
chromatic beam i1s focussed in both plines at a distance of 10 feet
from the magnet. The beam is defined in the scintillation counter
l-2 telescopees In the case of the negative meson scattering, an
absorber of 4" cf lithium hydride (density = 0.5) and 1/2" of carbon
is inserted befors the first counter to reduce the beam energy withe
out excessive coulomb scattering.s In the position of Fig, 1 the
ahsorber reduces the intensity by 30 percent, If the absorber,
instead, 18 placed between the shielding and the analyzing magnet,
the intensity is reduced to less than 1/10,

B, Liquid Hydrogen Target

The liquid hydrogen scattererd 1s contained in the 3,1" diameter
cylindrical cup cf the metal dewar shown in Fig. 2. The target cup,
made from stainless steel tubing turned to 0.00L"-well thickness, is
soldered to the bottcm of the larger liquid hydrogen reservoire The
hydrogen in the reservoir can be admitted to the target cup by means
of a standpipe of thin wall tubing extending to the bottom af the
cup, It may be returned by increasing the pressure in the oup
relative to that in the reservoir, This is accomplished by closing
the cup exhaust and heating a resistance element at the bottom of the
cup (not shown),

The hydrogen reservoir is surrounded by a ocontainer of liquiad
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nitrogen which serves as a radiation shield, The target cup itself is
shielded by a foil of 0,001" aluminum fastened to the bottom of the
nitrogen reservoir, The design of the vacuum chamber surrounding the
cup represents a compromise between conflicting requirements, In
partlcular, it is desirable to be able to place the defining telescope
near the cup, to be able to detect particles over a wide angular
roegion, and to have the walls of the chamber as thin as possible to
minimize pion scattering and ¥ -ray conversion, The thin wall of the
vacuum chamber is a U-shaped aluminum foil, 3-3/L" high and 0,007"
thicke The cup may be viewed through the thin window over an angle
of 300° (see Fig, 2).

The liquid levels in the cup and reservoirs are indicatsd on
oil manometsrs, The hydregen capacity of the reservoir 1s I liters;
the rato of loss 1s approximately 0.1 liter per hour,

C. Counters

The two stilbene crystels defining the incidont beam are each
viewed from the side by two 1P21 photomultipliers., Counter 1 1s 3-1/&?
x 2=1/2" x 1/8", Counter 2 is 2-1/L" x 2-3/4" x 1/16", and 1s located
as close to the target as possibls to insure that most of the
incident beam enters the hydrogen. Counter 2 is thin to minimize
he ail
strongly to the background at small angles.

The scattered particles are detected in the larger liquid
scintillation counters 3 and 4. In w* - " and w= -~ n~ scattering,
the mesons are detected in two counters, 4" x 8" x 1", illustrated

in Fige. 3+ The scintillating liquid, phenylozg*gpexana{:}th
> e > .-

. Y e -
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terphenyl and diphenylhexatriene, is held in a lucite container, The
lucite fits into a metal frame, with aluminum foil covering the faces,
and with iron shields to hold 1P21 phototubes at each of the four
corners. The light collection is poor compared to that in the smaller
counters, and this is probably responsible for the rather low detectiomn
efficiency (~ 95 percent for the 2-counter telescope; see Section V),
On the other hand, for a given angular resolution the large size (in
comparison to the size of the scatterer) and rectangular shape of the
counters result in a larger counting rate than would be obtained with
sraller or circular counters.

In the charge-exchange scattering, single ¥Y-rays are detscted
in the telescope shown in Fig, lj, The ¥=rays are converted primarily
in the 1/4" lead. Counter 3 is a ij-1/2"-diameter circular liquid
counter, viewed from the side by threc 1P21 photomultipliers. Counter
4 1s large in order to accept elecirons scattered in the converter,
It is 8" 4in diameter, liquid-Irilled, and viewed from the back by 4

1P21'8.9

The beryllium and polyethylene absorbers are placed in front
of the converter in order to stop ionlizing particles. The absorber
between counters 3 and L is intended to stop protons from low energy

neutron interactions in elther countcre
D. Eleatronios
A block diagram of the electronios is shown in Fig., 5. Signals
are taken in parallel from the phototubes of each counter and fed into
Hewlett Packard wide-band amplifiers, Coincidences are made betwecn
pairs of the amplified signals in diode bridge ocircuits with a

resolving time of 10'8 sec, The coincidence signals are then amplified
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to a level of approximately 10 volts, discriminated in a diode circult,
and then formed to uniform negative pulses 5 x 108 sec long and 15
volts high, The dead time of the pulse former is ~ 107 aeo.10 The
outputs are again paired in diode coincidence circuits, as shown in
Fige 5 The 1=2 pulse 1s scaled in & system with 107 sec dead time,Lt
All other circuits are commercially availahble tirough the Atomic
Instrument Company. Inspection of the block diagram shows that the
resolving time for accidental coincidences between l=2 counts and 3=l}
counts 1s just that of the 1-3 coincidence, “'].0“8 sec, Several
intermediate coincidence rates are scaled to check the opsration of
the equipment, but the pertinent data are the ovar-all gquadruple counts

and the 1«2 counts,

III. OCALIBRATION MEASUREMENTS
A, Beam Energy
The integral range distributions of the two beams were determined
by placing counter 3 in line with counters 1 and 2, ~ 12" behind
counter 2, and measuring the ratio of rates 1-2-3 and 1l=2 as a functim
of tlie thickness of carbon absorber placed in front of counter 3, The

results are given in Fig. 6 for the positive and negative meson beams,

Each of these curves exhibits the characteristic initiel slope due

1o nuclsar in ions end o sharp drop as the pions
reach the end of their range in the absorbers. A second drop occurs
at a higher range corresponding to y-mesons with the same momsntumse
The remalnder of the beam is attributed to electrons,

Using Aron's tabulation12 of the range-energy relationships, the
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mean energy of the pions at the center of the target 1s determined to
be 53 Mev for the positive and 65 Mev for the negative mesons. The
half-width of the energy distribution at half-maximum is estimated to
be 3 Mev fcv the positive mesons and 5 Mev for the negative mesons
and 1s due tc the initial beam spread, ionization loss in the target,
and the effect of the absorbers in the negative beam.
B. Angular Resolution

By rotating the detecting telescope through the forward angles,
curves like the one shown in Fig., 7 are obtained for each geometry in
the #* — n* and %~ — %~ scattering. These curves are a measure of the
ar.gular resolution; their centers determine the positions @ = 0°, For
nT — nt* scattering, the half-width at half-maximum 1s 7° for L = 18,5"
and 59 for L = 27,5" where L is the distance fron the center of the
target to counter Y4, For n™ - w™ scattering, where L = 15,5", it

is 11°,

IV, EXPRRIMENTAL RESULTS
The experimental results are presented in Taeble I, Counting
re 23 were ottalned at each angle alternately with the hydrogen cup
full end emply. After each such set the detecting telescope was

turned to @ = 0° to check the stability of the equipment,
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Table I, Experimental Data
Ratio of
Counts from 6 Counts from Carbton
®1ab L Hydrogen per 10 Hydrogen to Absorber
(deg). _ (inches) Inoident Particles Background  (gm/om?)
ﬂ+-’ V* 30 3205 105 + 106 02 0
27.5 2,1 ¥ 1.4 Ol Loly
Lo 2745 5.2 + 0,8 .19 0
18.5 bhe2 ¥ L4o8 «05 0
55 2745 Le5 + 1,6 026 0
18.5 14,0 ¥ 1,3 o7 0
90 2745 11,5 + 1,2 1.96 0
18.5 2044 ¥ 1.1 .11 0
120 27.5 11.9 + 1, 1, 0
18,5 30.5 ¥ 1.2 1.L3ug 0
150 2745 12,0 + 1,5 1,04 ¢
1845 32,2 ¥ 1,5 092 0
" —- " 35 15.5 29"-‘» '_". 308 '10 "".u’
45 15.5 1647 # 243 013 Lol
60 15.5 10,1 # 1.3 23 belt
90 15.5 8.0 + 1,0 026 2.2
145 15.5 3.6 + 1.3 .06 0
" - Y l‘,s 11 7.6 : 0.6 .68
90 11 15.2 + 046 2,53
145 11 20,2 + 1,5 1.75
i 12.1 ¥ 049 1.12

The difference counting rates are

probable errors.

given with their statistical

The distance L 13 measured from the center of the

hydrogen cup to the center of counter l} for the elastic scattering

and to the front of counter 3 for the charge exchange scattering
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measurements. In some measurements, carbon absorber was placed in
front of counter I to reduce the background frum short-range particles,
The thickness of the absorber 1s indicated in the last colunmn,

With average cyclotron conditions, 106 particles passed through
the defining telescope in about 10 minutes for both the positive and
negative beams. With this intensity, approximately 110 hours of

operation were required to make the measurements listed in Table I,

V. CALCULATION OF CROSS SECTIONS
The differential cross sections in the laboratory system are
calculated using the relation
d g 107° n
de Noa-lt p(l-a)ég

(1)

where %%?— = uncorrected differential cross section
n = counting rate per 106 incident particles
No = Avagadrot!s number
A = atomic welght of hydrogen
= average thickness of hydrogen target (gm/cma)
P = fraction of incident particles which are w mesons
a = attenuation of scattered mesons due to nmuolear
absorption
( = officlency of cetector telescope
Q@ = so0lid angle of detector telescope

The counting rates, n, are obtained from Table I, The values used

for the other relevant quantities are listed in Table II and are

discussed below,
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Table II. Experimental parameters

wt— ot - " e =Y
t (gm/om®) 0,150 0,110 0.L4140
P 0.89 0,78 0.78
¢ 0 gn/em® of ¢ || 0,03 0.03
2.2 gn/em of C 0.06
L.L4 en/eme of C [} 0.08 0.08
Q L = 15.5" 0.123
L = 18.gn 0.0860
L = 27.5" 0,0389
L = 32.5" 0.0229
¢ 0.91 0.97
(€Q), L = 11" 0.,0357%
KRy L = 14" 0.,0220%

# for Y-rays from stopped mesons

A. Target Thickness

In order to determine the averege thiclkness of the liquid
hydrogen in the path of the nmesons counted in the incident tclescope,
the lateral extoension ol the positive and negative beans was scanned
with a 1/8"-wide crystal directly behind the target. The experimental
curve taken in the positive beam is shown in Fig. 8. By extrapolating
this curve to the center of ths hydrog
3.1"-diameter circle (the horizontal cross section of the cup),the
relevant weighted average of the distance through the cup is obtained,
The net thiclness, t, of the liquid hydrogen minus that of gas
rensining in the cup when the 1liquid is removed 1is 0,460 gm/cm? for

the positive and 0,440 gm/cm? for the negative beam,
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B. Beam Purity

The composition of the incident beam is determined from the range
curves of Fig, 6. The p-mesons and electrons, which are assumed to
undergo negligible scattering in hydrogen, are estimated to comprise
1l percent of the positive and 22 percent of the negative beam. The
remainder consists of pions.

C. Nuclear Attenuation

A fraction, @ , of the scattered mesons will not be counted by
the detection telescope due to Interactions in counter 3 and in the
carbon absorbers which were at times placed in front of counter l,
Counter 3 contains 2.2 gm/cm2 of carbon, The values listed in
Table II are calculated using a mean free path in carbon of 80 gm/cm?
for the loss of mesons from the detecting system.l3

D, Solid Angle and Efficlency ~ - Elastic Scattering

In the elastic scattering measurements the solid angle, @ , is
defined by counter L4, It is estimated that, on the average, a meson
must penetrate 1/Ii" into counter L to be detected, and therefore the
appropriate distance in calculating the solid angle is L -~ 1/4", A
small correction is made to account for the fact that the average
distance from the target to the counter is greater than the distance
r.long the central axls, The sollid angles calculated fron tnese
considerations are listed in Table II.

The efficlency, ( s, of the detecting telescope for counting
cherged mesons is measured by placing the lerger counters 3 and I}
between counters 1 and 2, and finding the ratio of over-all quadruple

coincidences to 1-2 coincidences. For positive mesons this ratio is
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found to be 0,91, while for negative mesons it is 0,97. The
improvement in the latter case is believed due to a change of‘?'
phototubes,

E. Solid Angle and Efficiency - - Charge Exchange Secattering

In order to maximize the efficiency for garma rays, a lead
converter is used which is 1/4" thick (1.2 radiation lengths) and
covers the area of counter 3. As a consequence, the complications of
multiple processes and scattering of the resulting electrons prevent
a simple and accurate calculation of the efficlency or solid angle, In
fact, the quentities { and R cannot here be independently defined. It
is therefore advantageous to determine experimentally the produot (Q

The calibration of €2 1s obtained by comparing the counting rate
of the normal system with that in a detection system for which the
efficiency can be calculated rather accurately., Y¥-rays from negative
plons stopped in hydrogen are used in the comparison, providing a high
flux with lmocwn energy distribution.lh Absorbers are therefore 1
placed in the incident beam and the resulting +Y-rays are detected in
three different geometries: (1) the asystem normally used (see Fige L);
‘2) the same geometry with the exception that the absorbers and
~onverter are replaced by a thin lead converter, 0,97 g:m/om2 thick and
i in diameter, directly in front of counter 3; (3) the same geometry
..¢ in (2), but with the thin lead converter replaced by a polyethylene
absorber in which ionization losses are the same. Counting rates for
the events from hydrcgen are N; = 764 + 12, N, = 296 + 6 and
NS = 160 + S per 106 incident particles. In additlon, we require the

.sficlency of the 3-4 telescope for counting electron pairs, The
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efficiency for counting mesons is found to be 84 percent by the method
used in the elastic scattering experiments. In most cases two
electrons pass through the telescope for each ¥ =-ray converted in the™
thin lead., Their combined ionization loss is slightly greater than
that of a 65-Mev meson and the efficiency for pailr detection may be
somewhat higher than the measured meson efficiency. This possible
difference 1s neglected,

For the normal system,

M
() = Q) = (€8
(€8)) = gl [(68)z - (€8)5)
The difference (¢ 9)2 -(¢ 9)3 can be calculated with the help of the
Y-ray conversion cross sections of Lawsonls and Dewire, Ashkin and

Beach.16

With thin converters, multiple processes can be neglected
and, in the geometry used, scattering corrections are unnecessarye
Por the Y-r~ys from stopped mesons, the effective mean free path in
lesd 1is 11.L gm/cma, corresponding to a conversion efficiency of
0.082 in the thin lead converter. The conversion efficiency of the
polyethylene is calculated to be 0,007, Therefore, for L = 1ll inches,
;”(( Q), = (£ Q) = 0.00655 and (¢ ), = 0,0368 steradians,

This efficiency, together with the corresponding value for
" = 1l inches, is listed in Table II. The values include an
2% '.tional small correction, 3 *+ 2%, for the effects of Y-ray
conversion in the heavy members of the target. These values are for
ths Yerays from stopped mesons and must be adjusted to account for

the different energies in the scattering experiment,

The quantities in Table II, other than the Y=-ray efficléncy-solid
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angle products, are believed to be sufficiently well known that errors
in their determination do not contribute significantly to the errors
in the determination of the cross sectionse The ¥ =ray products
(('9)1 have three principle sources of error: (1) A statistical
probable error of 6 percent due to errors in the counting rates Nl’
N, and N3; (2) An uncertainty in the efficiency for pair detection
which is estimated to be + 5 to =3 percent; (3) The 2 percent
uncertainty in the correction for electrons converted in the heavy
parts of the target. The over-all probable error in the producta«:QE-
is therefore about + 1C percent.
F. Corrections
Several corrections are applied to the cross sections c¢alculated

% cross

from Cquation (1), Correction 1 is applied to the nt -
sections at all angles in an attempt to correct for the decrease in
background counts whsn hydrogen is in the cupes One would 1like to
assume in a subtraction procedure that the background is unaffected
by the presence of the target - - in this case the liquid hydrogen,
This 13 not always justifiable. For instance, a meson star in the
wall of the target cup could have a proton prong which will be
detected if the cup 1s empty but, due to additional ionization loss
detected 1f the cup is full. Inelastio
meson acattering cen give rise to similar events. An attempt to set
an upper 1limit on this effect was made by comparing the background
counting rates with different amounts of carbon absorber in the path

of the background particles. It was found on this basis that if half

of the background traverses the entire cup, then the measured
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laboratory differcntial oross sections decrease by about 0412 mb,
This 1s probably an overestimate of the effect as some of the backe
ground does not arise in the walls of the cup. Therefore a small
correction of 0.08 + 0,06 mb/steradian is added to the cross sections,
In the w™ — %™ scattering the same problem exists, but to a smaller
extent, since the number of protons from negative meson stars 1is
considerably less than from positive meson stars, The correction 1is
expected to be small and, since it requires untested assumptions about
the nature of the background, no similar correction is msde,
Correction 2 is applied to the w® —~ ¥ cross sections to account
for the Y=-rays from the radiative capture of the meson. The cross
section for this process is calculated from that of the inverse
process, which is taken to be equa117 to the orcss section for the
process ¥ + P ut + N.l8 The correction is 0.06 mb/steradianse
Corrcztion 3 is applied to the w~ — %~ cross sections to account
for the detection of converted ¥Y-rays. 1l.l percent of the ¥-rays
produced in charge exchange scattering are internally converted in the

8,19 and an additional 2.l} percent are converted in passing

nydrogen
through the target, An approximate calculation indicates that
electrons from Y-rays converted in the heavy brass parts of the
target contribute an additional flux in the detecting telescope equsal
to 2.5 * 1,5 percent of the Y-ray flux, Thus at each angle we
subtract from the observed w= — W™ cross sectior 0,06 * 0,02 of the
" -- ¥ cross section, '

Correction I is applied only to the 150° point in the wt — w5t

scattering. Mesons detected in the backward direction have about
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one=half the energy of the incident mesona. In the arrangement used,
those resons which traverse most of the hydrogen target, are then
scattered at 1509, and have to pass again through most of the target
before reaching the telescope, may have insufficient range to be
ccunteds The correction for this effect required the addition of
1C + 5 percent to the measured cross se:tion at 150°, No similar
correction is required in the ™ - w~ scattering, as the incident
meson energy 1is greater,
G, Calculated Cross Sections

The laboratory cross sections for the elastic scattering
processes, as calculated from Equation (1) and including the
corrections discussed above, are presented in Table III. The
corresponding center of mass angles and cross sections are also given,
The errors include only the probable statistical errors and the
probable errors in the corrections, Other uncertainties are thought

to be small,
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Table III. Differential Cross Sections

Laboratory system Center™oyY™Mir¥s system

8 (deg) %% (mb/ster) 0 (deg) g.% (mb/ster)

LM 30 0.33 + 0,15 36 0.24 + 0,11
58 Mev 40 0,64 + 0,10 47 0.48 + 0,08
55 0.81 + 0,08 6l 0,66 + 0,06
90 1,21 + 0,06 101 1.24 + 0,07
120 1,68 + 0,09 129 2,10 + 0,11
150 1.95 + 0.10 155 2479 # 0.15
LN 35 1.2 + 0,17 42 0,91 # 0,13
65 Mev LS 0,66 + 0,10 53 0.51 + 0,08
60 0,35 + 0,07 70 0.29 + 0,06
90 0,22 + 0,06 103 0.23 * 0,06
145 -0,01 + 0,07 157 -0,01 + 0,11

In the charge exchange scattering the neutral plon distribution

18 related to the ¥Y-ray counting rate, n(@), by

n(e) = cq(9) ]92;‘57)' Wa) fe(z)ag B

P e sl T

P
whera € = 10"6/N0A"1t9

= (40 do \ = 2 e
q(0) (a?z) . //-.-)c. o (1, )/(1-B cos8)

l .
M%l = w9 differential cross section in ths center of mass
de sys tem
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W(a) = probability that a w° emits a Y-ray at an angle
a = (1-‘32)/211(1-‘30080.)2
E(Q,a) = Yeray energy in the laboratory system

- :‘}Tooa / 1-32 1+Bcoa®
2 l-poa l-Bcosa

@ = angle of detected ¥ ray in the laboratory system

¢ = o angle in the center of mass system

a = angle betwsen w° and Y-ray in the center of mass system
fc = velocl*y of #° in the center of mass system

Boc = velocity of center of mass,

To integrate Lquaticn (2) we use an expansion 1n Legendre poly-
nominals similar to that of Anderson, Fermi, Martin and Nagle,l but
witn the expliclit consideraticn of the variation with energy of Y=ray
detection efficiency, If vlorn scattering occurs only in the s- and
p-states (see Section VI), the cross section can be expressed as :

_C}_(_{L_?_‘) =2 o/PX(cosd). '
dase =0 7 ‘
Strrilarly, W(a)(g(Q,a) =Zw},{(0)PR(cosa).

2

7 n(9) = LnCq(e)
hen Hoq é;,-o (2)24-1)'1 oij(O)lj.z (cos8”), (3)

where © = ¥ ray angle in the center of mass system., The counting
ratss n(9e) listed in Tabls IV, are obtained from Table I using

Correction 2 for the yY-rcys from the process n™ + P - ¥ + N,
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Table IV, Corrected Y-ray counting rates
n(®) and correlation coefficients QR(O)
Lab. angle Correlation coefficients wg(®)

] n(o) 2 =0 A=1 fg= 2
L,5° 7.0 + 0.8  5.76x163  11,12x10°3  9,54x10~3
90° 14.6 + 0.9 5.46 10,83 9.40

145° 19.3 # 1.6 5.12 10.49 9.18

The coefficients QQ(O) are

w;(G) = 1/2 (2141) j: W(a)ER(0,a ) Pi(cosa )sinacda . (U4)
To evaluate the coefficients we rmuct determine £ @ (9,a ), i.e.,
detz2risine the energy dependence of the efficlency, Silverrman and
Cn:noniao have found in a similar telescope that the detection

efficiency may be represented by

= const x(l-e'(E'as)/hO); (5)

ve'e

vhzre E 1s in Mev, Ignoring the slight difference in geometry, we
ssume the seme energy dependence but determine the constant from the
nieasured value of (69)1 for y-rays from stopped nmesons. Using the
known energy spectrum of these Y-rayslu the proportionality constant
for € 1is calculated to be 0,0471 steradian,
Inspection of (5) shows that the detection efficiency is an

increasing function of Y-ray energy, and its inclusion in (l) has the
effect of favoring the detection of ¥Y-rays with small correlation

angles @ + The correlation between ¥Y-ray and w0 is therefore some=
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what better than would be obtained with a detection system of uniform
efficiency, If the energy devendence of €8 4is replaced by some
average value, at beat chosen to give the same total cross section,
the corr:zlation coefficients w, remain essentially the same,but wy is
depressed avproxinately by the factor 1.3 and W by 1.5,

Equation () is integrated numerically and the resulting
coefiicients are listed in Table IV, Equation (3) is evaluated at the
three experimentai angles 6, We find G4 = 0,96 + 0,03 mb/ster,

07 = =1.38 # 0,09 mb/ster, o, = O.14 * 0.24 mb/ster. The ercors
correspond to the statistical probable errors in n(®)., The previously
discussed 10 percent uncertainty in detection efficlency is not
included. The error due to possible inadequacy of the assumed energy
cependence of the efficiency is believed to be small, since the
<rihbration 18 performed at an Intermediate energye. We therefore find

Ycr the center of mass system

49(0) (g=—1O) = (140.10) [0.96+0.03 = (1.3840.09) cose +

(0.14#0,2L) (3"——‘-’-333'11)}

The corresnonding center of mass ¥=-ray cross section 1s

-

do;’ (n" = ¥) = (1+0.,10) | 1,98+0,06"(1.41+0,09) cos@ +
2 v -
(0.07+0.11) (10_%_9-_1).! .
- 2
VI. PHASE SHIFT ANALYSIS
We have attempted to express the experirental results in terms of

phase shifts., Following the Chicago group,1 the analysis is performed

assuming (a) that the meson-nucleon coupling is charge-independent,
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and (b) only s- and p-states scatter appreciebly. There 1s a growing
body of evidence2l to support (a), chiefly the experiments on nucleon-

nucleon meson produotion,22

the level structure of i1sobaric nuclei,23
and perhaps also the success of the assumption-in this and preceding
experiments.l In support of (b) we note that in this experiment the
meson nomentum is 0.88 m ¢, and if the meson-nucleon interaction has a
rance not in excess of the meson Compton wavelength (=~ 1.l x 10~13cm)
the scattering in higher angular momentum states may be expected to be
small., Nevertheless, appreciable d-scattering, even at this low
energy, 1s entirely possible, The experiment does not permit the
detzrmination of the relative importance of higher orbital states, On
the other hand, the pronounced asymmetries about 90° do make 1t
recessary to comblne at least one even and one odd state.

In the analysis of the higher energy experiments the magnitudes
.7 the phase shifts were determined, but an ambigulty remained which
nermitted the simultaneous reveraal of the signs of all phase shifts,
This ambiguity may, in principle, be removed by studying the scattering
20 situations in which the coulomb interference enters significantly,
vince the coulomb amplitudes are knowne, At the amallest angles of this
experiment the coulomb amplitudes are of the same order of magnitude as
the observed amplitudes and therefore affect the scattering strongly.

An analysis of pion~nucleon scattering with the inclusion of
ocoulomb effects has been made by Van Hove.au For the present purposes

it 1s necessary to retain only first order coulomb terms and to

consider the phase shifts small, In this approximation the cross
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sections areg

-

/2 2
R ST A e ) A cosd)] © +

- 3/2 -

Lt e, 2 }
él/agz)aino_l | (6)
where X% = o(s‘)

4
t
i

1/2
t = -
z °(P3/2) °(P1/2)

for w* — nt: /2 - 0, & 3/2 = 1; o = -oo/fiv
LR I /2 . 2/3, g 3/2 = 1/3, o = +e/av
o M2, 8322 V33 aso

s

= (an)” -1 x wavelength in center of mass
-
“he precise determination of v in the coulomb term requires solution

¢” the relativistic two-body problem, but according to Van Hove the
re.ative velocity in the center of mass may be expected to be nearly

correct,

The degree of agreement between the observed cross sections and

calculated ones can be quantitatively cxpressed in terms of
W sg02
=4 \pg-) where “1 is the dirfference between the observed and
calculated cross sections at the 1%h point and PE1 i= the probable
error of the cross section at the 1th point, The best fit is the one

which minimizes ®, but any fit which gives a sufficiently small wvalue
of © 18 an acceptable fit, The determinaticn of the phase shifts
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which give the best fit and an analysis of the possible deviation of
the phase shifts from the best-fit values is difficult without the a&id
of computing machines. N, Mitropoulos haes kindly consented to
investigate this rroblem using the Los Alamos computer. Pending the
completion of thls more thorough analysis, a preliminary study has
been mads,

It will be noticed that the experimental cross sections are
obtained at two energies, 65 and 58 Mev, The phase shifts were
calculated to apply at 65 Mev, and were extrapolated for the purpose

+ - w* results at 58 Mev. In the absence of

of comparison with the w
information on the energy dependence of the individual phases, we have
decrcased all phase shifts in proportion to the cube of the center of
mass momentum, in accord with the observed energy dependence of the
Total cross section,

There are four sets of phase shifts which givs reasonably good
fitse It is believed that the data preclude 8sets of phase shifts
radically different from these. These phase shifts are listed in
Table V.2S Cets A and B differ in the reversal of the signs of the
spin-flip terms Zt and correspond to the types first discussed by
Fermi and Yang respec:ive_yal For small phass shi 1® Ferm' and

Yang solutions lead to identical cross sections and no choice can be

made between thems
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Table V. Phase shifts at 65 Mev,

Phase shifts in degrees

3/2 1/2

2s3/2) o(r2) V2 ssM?)  a(rl)  a(e}

3/2

)

Fermi type:

Set v.A -6.2 -1.9 +9.1 "'10.9 *0.’.‘. -2.6

Set IIA "'lu.os "lou- -208 "1].06 "103 +7,.1
Yang type:

Set IB =642 +12,8 +1.7 +10,9 3,6 =046

Set IIB +1l},os "302 "109 ",-3»06 "'909 +105

The oross sections determined by these phase shii'ts are compared
with the experimental results in Figs. 9, 10 and 1ll, In the charge
exchange scattering the comparison is made directly with the counting
»ates using Equation (3) and the ot!s determined by the phase
shifts: 1in Set I, % = 0.98, o, = -1,24, o,
Oy = 0497, 07 = =131, G, = Oe34s 8Set I gives an appreciably better
£1t thon Set II for the w*— w* cross sections but a slightly poorer
it for the %~ — #™ and 1~ — w° cross cections, Both sets give
acceptable over-all fits and are characterized by deviation parameters
w of 1y for Set I and 2C for Set II, Slight changes in the phase
shifts within each set can probably lead to smalier values of w, but
a great improvement is unlikely, The fits can be judged in terms of
the median deviation ml/a expected in fitting lli experimental points
in a theory with & free paramsters, @y /2 i3 approximately 15, It

should be noted that the significance of the comparison of w with the
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expected w1/2 i3 limited by the uncertainties in the stated errors.
Thus, although Set I is the better fit, Set II is not excluded, The
present measurements, considered alone, therefore do not eliminate the
ambiguity in the signs of the phase shifts,

In the Fermi-type solutions, both in Set IA here and in the

1 the phase shifts 8(p/2), &(p/2) ana &(p3/2)

1/2 3/2 1/2

are small. Because of the possible theoretical importance we have

Chicago analysis,

attempted to fit the experimental results under the assumption that
these phase shifts are identically zerc, Such a fit is characterized
by a deviation w of the order of 50, and we consider it unlikely that
our results are in error by such an arount. We therefore are of the
opinion that althcugh the interaction in these states 1is weak, it is
non-vanishing,

The total cross section cannot be simply defined because of the
:nall angle coulomb scattering. A measure of the nuclear contribution
to the total cross section may be given by integration of Equation (6)
with the coulomb term omitted. These cross sections, for the three
srattering processes, are presented in Table VI with estimated
probable errors,

Tabie VIe Total cross sections

Energy Total
Process (Mev) Cross section (mb)
T\'+,‘.‘ ﬂ". 58 . 15.8 : 105 a
65 200l + 2,0 P
- 65 249 * 0,5 ®
7 = a° 65 12,1 + 1.5 °

8 prom phase shifts corresponding to 58 Mev ¥ — at scattering,

b Prom phase shifts of Table V, Set I,

page twenty-seven



R-T1

VII, DISCUSSION OF RESULTS

A. T Dependence

The cross sections for positive and negative pions, 6+ and
0 So(N™=1")+ o (ﬂ‘-~ﬂ°),can be used to determine the oross
sections in the T = 1/2 and T = 3/2 states, 01/2 and 03/2. In

particular Py

5 53/2

o

I
Wi
Q

[
NG
N

+
-
2
n

At higher energy the scattering is almost entirely in the T = 3/2
state, corresponding to the 3 to 1 ratio of the total cross sections
ot and ¢=. This 1s no longer the case at 65 Meve The ratio of
total cross sections 1is about 4 to 3, and this corresponds to

63/2 = 1,6 61/2, 1In the phase shift Set I this increase in the
relative lmportance of the T = 1/2 state is reflected in 6(81/2L
which is the largest single phase shift. The contributions of s- and

n-wave phase shifts to 01/2 and 03/2 are given in Table VII,

Table VII, Contributions of Se and P-waves to

01/2 and 03/2 at 65 Mav for
phase shifts of Sets I and II (mb)%*

Set I Set II
] P S P

T =1/2 11,6 1.3 2.1 10,1

T = 3/2 3.7 1607' 2045 io?

# Solutions of Yang and Fermi types give same results for

contributions from 8- and p-states,.
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B, Discrimination between Set I and Set II Solutions

We have attempted to select between Sets I and II by extra=
polating the phase shifts at higher and lower energies. For T = 3/2
the main difference between the two sets 13 that the scattering is
mainly in the p-atate in I and in the s-state in II, At higher
energies the pe-state is known to be dorinant over the s-state, and if
this could be shown to persist to 65 Mev, Set II would definitely be
excluded. There are, however, zerious difficulties in this procedure:
(a) In the absence of an adequate theory on the energy dependence of
neson=nucleon scattering, any extrapolation is necessarily based on
questionable preconceptions; (t) the revorted phase shifts are best
fits to the data, but may often be seriously altered without exceeding
the 1limits imposed by the experimental results; (c¢) the neglect of
higher angular momentum states may be nisleading.

Sub ject to these reservations we have assembled in Table VIII

the relevant published phasc shifts,

page twenty-nine



R=71

Table VIII, Published phase shifts at
various energies (deg.)

10 Mev 6 65 Mev 78 Mevd 120 Mev?l 135 Mevl:

P .68 .88 97 1.2l 1.32
mho §3t : SOE:II

-2

-6.2

10.9

.5
~lyob

10

P=wave

0.7

9.1

'109

-2.8
-1l.44
Tel

-1l.3

13

30

38

fang-type
p ~wave
5(p3/2)

a/»
2/ <

3/2,
&(Py%5)
1/2 )
3/2

1/2
o(rl/a)

s(P

245
7.8

1.7
12.8

"0.6

'305

9.9

18

13
39

17
L9

On this basis we would reject Set II because of the abruptly large

s-wave and small p, j,~Wave phase shifts in ths T = 3/2 state, However,
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if the experimental results at other energies can be reasonably fitted
with phase shifts with a large 33/2 and small p3/2 interaction, this
rejection of Set II is impossible. A re-examination of the results at
hO and 781 Mev shows that it is quite possiblas to find such phase
shifts (see Teble Ix).26 Vie do not know 1€ this is also possible at
higher encrgies,
Table IX, Alternative phase shifts (Set II)
in T = 3/2 state for L0, 65 and 78 Mev,
Set II Phase shifts in degrees
in Mev g3 3
n 6 ( ) 6(P3/2 6(P1/2
440 9 =2 -2
65
(Fermi type) 1.5 =2,.8 -1l
78 19 -2.5 -2.5
_ 2;;

Other experimental results which mieht provide a basis for the
choice between Sets I and II are the neasurerients of 60-Mav pion
scattering In carbon by Byfield, Kessler and Teder._b,27 and of L0-Mev
pion scattering in hydrogen by Perry and Angell, In the carbon
exneriments it was found that the scattering in the forward directions
corresponds to that of an attractive potential, The same conclusion
1s valid for both Sets I and II of the data preeented hers, Bethe?28
has pointed out that if the p=state interaction is dominant then 1t is

attractive, in agreement with our Set I, Similarly, the Rochester
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group have noted that if either (a) b(ngg) is greater then 6(83/2)6
1/2 1/2 3/2 29

b
or (b) G(Pl/a), 5(P3/2) and b(Pl/z) are all very small,<’ the

signs can be determined. In both cases the results correspond to
Set I. However, if Set II were indeed correct these arguments would
fail, Therefore, they do not provide an independent basis for
selection.

If the pion-nucleon scettering were characterized by phase shifts
8imilar to those of our Set II and Table IX, that is, by a large 83/2
and small p3/2 interaction, a fairly radical departure from present
viewmoints would be required. However, althouch the experiments are
not conclusive on this point, we are of the opinion that they
establish a prererence for Set I and the similar published phase shifts
at other energies. In this case the signs of the phase shifts are
determined. In particular, the most important interaction, namely that
in the p-state with isotopic svin 3/2, 1s attractive. This is a result
which should be of considersble theoretical interest, since it verlfies
a prediction of the pseudoscalar meson theory (with either form of the
coupling).3o’31 This particular theoretical result, namely the sign
of the interaction in the p%?é state, 1s probably insensitive to the
inadequacy of the calculational methods which makes more quantitative
theoretical deductions uncertain, Experimental verification of this
theoretical prediction is therefore believed to be significants

We wish to extend our thanks to Professor H. A. Boorse for the
use of a hydrogen liquefaction apparatus, to Mr. E. Ihgsz for the
construction of the dewsr, and to Mr, W, Chinowsky and H, Wolfe for

assistance in the liquefaction operations,
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FIGURE CAPTIONS

Experimental arrangement (w™ + P- %~ ¢ P),
Liyuid hydrogen target,

Liquid acintillation gounter used in detection
telcscope for elastic scatteringe

Y-ray detection telescope used in charge exchange
scattering.

Block diagram of electronics,

Range curves for positive and negative meson beams,

Angular resolution in elastic scattering, measured by
rotatineg detecting telescope through forward angles.
(For ¥ + P—= n* + P, with L = 27.5 inches,)

Lateral distribution of positive mescn beam directly
behind hydro.en target measured with small scanning
counter,

Comparison of experimental oross sections of nt— nt
scattering at 58 Mev with results from phase shifts

of Sets I and II., Lxperimental points are given with
prohabls errors,

Compariscn of experimental cross sections of w™ =~ ¢t~
scattering at 65 Mev with results from phase shifts of
Sets I and II. Experimental points are given with

probable errors,
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FIGURE CAPTIONS (Continued)

Comparison of observed Y-ray counting rates in
w~ — w° scattering at 65 Mev with results from

phase shiftc of Sets I and II, The probable errors
indicetzd for the experimental polints do not include
an over=all uicertainty of + 108 in Y-ray efficiency

determinatione
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